We report what we believe to be the first experimental observation of a large spatial lateral shift in the interaction of obliquely oriented spatial dark-soliton stripes. We demonstrate by numerical simulations that this new effect can be attributed to the specific features of optical media with a nonlocal nonlinear response. © 2006 Optical Society of America OCIS codes: 190.4420, 190.5940, 060.1810 In recent years, the study of nonlinear effects in nonlocal media has attracted considerable interest in many areas of physics including nonlinear optics.
In recent years, the study of nonlinear effects in nonlocal media has attracted considerable interest in many areas of physics including nonlinear optics. [1] [2] [3] In a nonlocal medium, the nonlinear response induced at a certain point is carried away to the surrounding region. In this way, a narrow localized wave can induce a spatially broad response of the medium. The nonlocality appears generically in many optical systems as a consequence of transport processes, such as heat conduction in thermal media, 4 ,5 diffusion in atomic vapors, [6] [7] [8] or due to a long-range interaction as in nematic liquid crystals. 9 The importance of the nonlocality is that it can dramatically modify the nonlinear propagation of beams, [10] [11] [12] as well as change the character of soliton interactions. [13] [14] [15] [16] This is because the nonlocal response results in the formation of an effective potential, which produces an attractive force acting between even distant solitons. 5, 9 The effect is particularly dramatic in the case of self-defocusing media and dark-soliton interactions, which, in sharp contrast to local media, 1 may exhibit attraction and even form bound states. 15, 16 In this Letter, we discuss another novel feature associated with nonlocal nonlinear response. We study experimentally two-dimensional oblique interactions of spatial dark-soliton stripes in a thermal medium and observe a giant lateral shift of the dark solitons near the interaction region. We demonstrate numerically that such shifts cannot appear in local nonlinear media, and they are caused solely by the nonlocality of the nonlinear response.
In our experiments, we employ the thermal nonlinear response of a weakly absorbing liquid similar to Ref. 16 . When a strong light beam propagates through the liquid, the temperature of the liquid is increased by the absorption process. This results in the lowering of the refractive index of the liquid via the thermo-optic effect, and consequently becomes a source of defocusing nonlinearity that may support the formation of spatial dark solitons. 1, 17 We use a broad beam (diameter 2.2 mm) from an argon ion laser ͑ = 514.5 nm͒, which passes sequentially through two amplitude opaque masks in a form of a long but transversally narrow stripe (105 m wide). The masks are oriented in such a way that the resulting modulation of the beam has a form of two dark stripes intersecting at an acute angle. The modulated beam then propagates through a 40 mm long glass cell filled with castor oil. The castor oil exhibits a small absorption for the green light and thus serves as a nonlinear medium with thermal nonlinearity. The output of the cell is imaged onto a screen and the intensity distribution is captured by a CCD camera.
In the experiment, we vary the input power of the laser beam and record the output intensity distribution. The results corresponding to an angle of 47°are shown in Figs. 1(a)-1(c) (left column). Figure 1 (a) depicts the intensity distribution at the input of the cell. For low input powers, the propagation of an amplitude-modulated beam results in linear splitting of the dark stripes due to diffraction [ Fig. 1(b) ]. However, when the input power is increased, the transverse structure experiences strong reshaping due to self-defocusing. As a result, each dark stripe splits into a pair of parallel dark gray solitons propagating with opposite transverse velocities determined by the light intensity and the initial width of the stripes. 18 Since the dark stripes intersect at oblique angles, the formed dark solitons strongly interact in the region where they overlap [see Fig. 1(c) ]. This interaction is seen as a strong bending of the soliton fronts toward each other and the formation of an extended region of their overlap. This effect is shown schematically in the inset of Fig. 1(d) . With a further increase of the input power, the interaction results in larger lateral shifts of the stripes away from their initial axis. The experimentally measured shift of the dark stripes ͑s 1 + s 2 ͒ / 2 is plotted in Fig. 1(d) , demonstrating its monotonic increase with the laser power. The difference between the shift for the horizontal (triangles) and the diagonal (squares) stripes is attributed to the difference in the boundary conditions for heat dissipation in horizontal and vertical directions.
To explain the observed behavior, we resort to numerical simulations. Since the thermal liquid represents a nonlocal nonlinear medium, we model the propagation of a spatially modulated broad Gaussian beam by using a nonlocal nonlinear Schrödinger (NLS) equation
where E͑z , r͒ denotes the slowly varying amplitude of the beam with the intensity I ϵ͉E͉ 2 , z and r = ͕x , y͖ are the propagation and transverse coordinates, respectively, ⌬ Ќ is the transverse Laplacian, and the function N͑I , r͒ is the nonlinear refractive index change of the medium.
A rigorous approach to describe thermal nonlinearity would require solving simultaneously the NLS equation (1) and the corresponding heat equation for N͑I͒ with the light intensity acting as a heat source and taking into account the appropriate boundary conditions. However, a simplified phenomenological approach based on the nonlocal response function can be effectively applied to describe the process of the nonlocal refractive index change of the medium in the form N͑I , r͒ = ͐R͉͑r − ͉͒I͑͒d, where R͑x , y͒ is the so-called nonlocal response function. In the following, we use a nonlocal response in the form of the modified Bessel function of the second kind 19 R͑r͒
where stands for the nonlocal parameter. In simulations, we used =22 m, which provided the best agreement with the experimental observations. We note that other types of response functions also lead to similar behavior, thus the observed effect is generic to different nonlocal nonlinearities.
The results of our numerical simulations are shown in the right-hand columns of Figs. 1(a)-1(c) , which display the output intensity distribution for different input powers. The numerical simulations reflect well the experimentally observed behavior, and the inward bending and lateral shift of the stripes are clearly visible. The bending is a direct manifestation of mutual attraction between the nonlocal dark solitons. 16 In the vicinity of the overlap region, the distance between the solitons is small compared with the extent of nonlocality, so the nonlocality-induced attractive force is strong enough to deform the soliton stripe. We would like to stress that the simulations accounting for local Kerr or saturable type nonlinearities do not reproduce the experimentally observed bending and lateral shift of the soliton stripes, even though those models demonstrate the well-known formation of dark-soliton pairs in defocusing media. Furthermore, no evidence of such a bending effect was observed in previous theoretical studies of the oblique interaction of dark solitons in local Kerr media. 20 All these facts indicate that the observed effect is a direct manifestation of the nonlocal nonlinear response. Figure 2 depicts the dark-soliton interaction when the stripes have different widths. In this case, the soliton pair originating from the narrower stripe experiences a larger shift than that generated by the wider stripe. This behavior is caused by the difference in the spatial extents of index perturbation in the overlapping region experienced by the solitons induced by narrow and wide stripes (shorter and longer, respectively) following from the initial shape of the overlapping region. Again, numerical simulations reproduce well the tendency of a shift of the soliton fronts, the orientation of the intersection, and predict correctly the fact that the solitons originating from a narrower stripe experience stronger shift. We also find that the shift increases with the strength of nonlocality. However, the theory underestimates the value of the shift. We believe that this disagreement is caused by the fact that the range of nonlocal response of the thermal nonlinearity is underestimated by the width of the response function in our model simulations. In fact, because of the specific properties of the heat conductivity, the thermal nonlocal media are often termed as infinitely nonlocal. 5 To ensure that the above-discussed effect does not depend on the particular choice of "even" initial conditions, we performed simulations of an interaction of two pure fundamental dark solitons generated from "odd" initial conditions. 16 They showed the same bending effect (though weaker) of the stripes coming closer together near the interaction region, indicating that the effect is fairly insensitive to the dark pair structure.
We have also investigated the dependence of the soliton shift versus the intersection angle. The numerically obtained dependence is shown in Fig. 3 . The significant conclusion from these simulations is that the soliton bending vanishes for perpendicularly oriented stripes. That explains why, in the similar experiments, Swartzlander et al. 17 did not observe this bending effect in the soliton interaction some 15 years ago. Their experiment involved the formation of dark-soliton stripes in a self-defocusing nonlinear medium by using amplitude masks in the form of rectangular grids and crosses.
In conclusion, we have experimentally demonstrated a large lateral shift of spatial dark-soliton stripes crossing in a self-defocusing thermal medium. We numerically show that this effect can be attributed to the spatially nonlocal character of the medium nonlinear response.
